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Rapid on-site quantitative detection of hazardous bacteria present at solid surfaces 
by molecular methods such as quantitative real-time PCR (qrtPCR) requires fast and 
easy to use sampling and sample processing methods that efficiently recover bacterial 
DNA suitable for amplification. Accordingly, the efficiency of the used methods as a 
whole, including the preceding steps of sampling and sample processing, needs to be 
assessed in order to give a reliable estimate of the quantity of bacteria present. The 
efficiency to recover DNA of bacterial cells of the model organism Escherichia coli 
that were pre-applied and dried up on glass surfaces was determined for Dacron®, 
viscose, gauze and nylon flocked swab systems with qrtPCR. When used pre-
moistened, the median recovery efficiency of the different sampling systems ranged 
between 35 percent for gauze and 105 percent for the nylon flocked swab system, the 
latter displaying a large variance. When used dry, all four sampling systems showed 
median recovery efficiencies below 4 percent. Overall the pre-moistened nylon flocked 
swab system was found most suitable to selected criteria for the on-site quantitative 
recovery of bacterial DNA from solid surfaces in terms of rapidity and easiness of use, 





Molecular methods such as PCR have increasingly been used for the detection and 
quantification of microbial DNA in samples of various origins such as clinical settings, the 
food industry, water distribution systems, air-conditioning systems in modern buildings or 
advanced life-support systems such as manned spacecraft. These methods have several 
advantages over conventional culturing techniques such as rapidity, species detection range 
and diagnostic sensitivity and moreover, the use of conventional culturing techniques 
requires specialist expertise8,12. In addition, the culturing of hazardous microbes such as 
potential pathogens or so-called technophiles11 is often undesirable. In particular for use on-
site at locations where no specialized laboratory facilities are available such as disaster 
areas, field hospitals or manned spacecraft, bacterial detection and quantification methods 
are preferred that are fast and easy to use by non-specialists. 
Rapid and sensitive molecular methods such as quantitative real-time PCR (qrtPCR) 
have been extensively optimized, with a detection sensitivity of a few molecules per 
reaction8. In addition to its rapidity, the method of qrtPCR has the potential to be automated 
to facilitate easy use on-site by non-specialists. However, a large part of the detection 
process involves the steps of sampling and sample processing that precede the actual 
measurement, such as the used sampling system and DNA extraction method, respectively. 
Therefore, for a reliable estimate of the quantity of bacteria present at a location it is of 
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importance to assess the efficiencies of the used methods as a whole, including the pre-
measurement steps1,5,8. Moreover, methods with the highest efficiency would be preferred 
and the number of dilution steps should be kept to a minimum to increase sensitivity. 
The efficiency of a sampling system is determined by its capacity to uptake bacterial 
DNA and cells from a sampled surface and the subsequent release thereof in sample 
processing medium. A factor of influence to sampling efficiency is the type of swab that is 
used, which may concern the used swab tip material (e.g. cotton, rayon, polyester or 
calcium alginate), but also the mechanical force that can be applied to the tip due to the 
flexibility of the swab stick. Other factors may include the physical characteristics of the 
sampled surface or the characteristic binding properties of the microbial species that is 
sampled4,6,7,9,10. 
The objective of this study was to assess the suitability of four types of sampling 
systems to criteria that apply to on-site recovery of bacterial DNA from solid surfaces, i.e. 
speed and easiness of use, recovery efficiency, safety of the used materials and storage and 
transport requirements such as weight and volume. The sampling systems included 
Dacron® swabs, nylon flocked swabs, viscose swabs and gauze which were compared both 
pre-moistened and dry. Recovery efficiencies were determined by using qrtPCR to measure 
the recovered amount of DNA from glass surfaces of pre-applied and dried-up bacterial 
cells. To minimize the contribution of DNA extraction to the total recovery efficiency, an 




Materials and methods 
 
Cultivation of bacterial cells 
E. coli ATCC 11775T cells were inoculated in fourfold into 9 ml Brain Heart Infusion 
(BHI) (Mediaproducts BV, Groningen, The Netherlands) and cultivated overnight at 37°C 
to an approximate concentration of 108 to 109 cells ml-1. Of each culture, cells were washed 
twice by centrifugation of 1 ml cell suspension for 10 min at 16100 × g, removal of the 
supernatant and resuspension of the pellet in 1 ml sterile physiological salt solution (0.85% 
NaCl, Mediaproducts BV, Groningen, The Netherlands). After the first washing step, each 
cell suspension was diluted to the maximum cell concentration that would still be 
efficiently extracted according to the instructions of the manufacturer of the FTA® Elute 
DNA extraction method. During the remainder of the procedure, the suspensions were kept 
on ice to minimize cell growth and lysis. 
 
Sampling systems 
The following sampling systems were studied for the selected criteria. Type one 
(Dacron® swab system, Fig. 1A) is custom made, consisting of a Swab Rinse Kit (927C 
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SRK) tube without medium containing a Dacron® applicator  (Copan Italia S. p. A. 
Diagnostics Inc., Brescia, Italy). The tube consists of low density medical grade 
polypropylene (LDPP), whilst the screw cap is made of high density polyethylene (HDPE). 
The stick is made of anti-shock non-toxic thermal resistant polystyrene (PS) with a Dacron® 
fiber tip of 15 mm length. The total length of cap and tube is 103 mm with a diameter of 21 
mm. For attachment of the components, a non-toxic vinyl glue was used. The tubes were 
sterilized by ionizing irradiation.  
The second type (Flocked swab system, Fig. 1B) is custom made and consists of a Mini 
UTM tube (350C) without medium containing an applicator with flocked nylon fiber tip 
(502CS01) for clinical sample collection (Copan Italia S. p. A. Diagnostics Inc.). The tube 
is made of LDPP and the screw cap of HDPE. The total length of cap and tube is 83 mm 
and width 17 mm. The stick is made of PS, with a polyamide tip of 15 mm length. The fiber 
tip is manufactured using spray-on nylon fiber technology (flocking process). A non-toxic 
vinyl glue was used to attach the components. The tubes were sterilized by ionizing 
irradiation. 
Type three (Viscose swab system, Fig. 1C) is a commercially available sampling system 
developed for the transport of live bacteria. It consists of a sterile Venturi Hour tube made 
of non-breakable polypropylene, containing a non-toxic expanded polyurethane sponge 
wetted with Amies liquid medium to keep bacteria alive and a PS swab stick with a viscose 
(rayon) tip (140C) (Copan Italia S. p. A. Diagnostics Inc.). The total length of cap and tube 
is 175 mm with a diameter of 12 mm. The tubes were sterilized by ionizing irradiation. In 
this study, the viscose swab system was used without the pre-supplied sponge and medium. 
The fourth type of sampling system is gauze, which is being used for general wound 
treatment but also as swabs and dressings during interventions in the outpatient department 
and on the ward. In hospital settings such as operation rooms it is commonly used for the 
sampling of microbes. Commercially available Medicomp® (Hartmann International, 
Heidenheim, Germany [http://en.hartmann.info/]) consists of a sterile non-woven swab with 
a gauze-like structure. The fibers consist of 70% viscose and 30% polyester. The swab is 
free of binding agents and optical brighteners, soft and permeable to air. In this study, 
pieces of approximately 2 cm2 were cut and folded to facilitate sampling. 
 
Comparison of sampling systems 
The experiments were performed using DNA-free laboratory techniques. For each of the 
four types of sampling systems two diagnostic printed glass microscope slides (8 well, 
10mm, XMZ-259L-CE24) (Thermo Fisher Scientific, Portsmouth, USA) were prepared as 
follows. To each well of a slide, an aliquot of 10 µl of one of each of the four cell 
suspensions of E. coli was applied, in duplicate (n=8). The slides were then left to dry at 
ambient conditions for 2 hours. Subsequently, each well of the first slide was sampled by 
wiping it with a clean dry swab whilst rotating the swab. The same was performed on the 
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Figure 1. (A) Dacron® swab system, 927C SRK tube with a Dacron® swab tip. (B) Flocked swab system, Mini 
UTM tube with a nylon flocked swab tip. (C) Viscose swab system, 140C specimen collection system with a 
viscose swab tip. 
 
Cell material that contained the DNA was washed off of the swabs by transferring the 
swab into a 15 ml conical tube containing 0.9 ml Molecular Biology Water (AccuGENE®, 
Lonza Group Ltd, Basel, Switzerland) as sample processing medium and a few 4mm glass 
beads (Fisher Scientific Emergo B.V., Landsmeer, The Netherlands). All tubes were 
vortexed for 20 seconds, incubated at 4°C for 10 minutes and vortexed for another 10 
seconds. The resulting supernatant was regarded as sample. For the further duration of the 
sampling procedure, all tubes were kept at 4°C to prevent cell growth. 
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To monitor contamination during the procedure, negative control samples were 
prepared in duplicate, consisting of each type of swab that was pre-moistened with sterile 
physiological salt solution and processed in the same manner as the samples, but without 
the sampling of cell material. To serve as a reference (100%), 10 µl of each cell suspension 
was added directly to 0.9 ml of water in duplicate, without prior swabbing, and processed in 
the same manner as the samples. 
Samples and controls were subjected to DNA extraction after which qrtPCR was 
performed on the DNA solutions, as described below. 
 
Sample DNA extraction 
DNA was extracted with FTA® Elute paper (Whatman plc., Maidstone, UK) according 
to the instructions of the manufacturer. This included applying part of each sample, a 
recommended maximum input volume of 40 µl, to the paper. Of this applied sample 13.4 
part was punched out and subsequently eluted into a volume of 30 µl Molecular Biology 
Water (AccuGENE®, Lonza Group Ltd). 
 
QrtPCR methods 
A specific region of the genome of E. coli (uidA gene) was amplified by using a 
TaqMan PCR assay. Oligonucleotide primers and double-dye probe were obtained from 
Eurogentec S. A. (Seraing, Belgium). Primers UIDA-F (5’-
TGGTGATTACCGACGAAAAC-3’) and UIDA-R (5’-GCGTGGTTACAGTCTTGC-3’) 
were used to amplify a 145 bp fragment of the uidA gene2. The probe UIDA-Pr (5’-
GCCGGGATCCATCGCAGCGTAATGCTC-3’) was labeled on the 5’-end with 
carboxyfluorescein (FAM) and on the 3’-end with a 4-([4-
(dimethylamino)phenyl]azo)benzoic acid (DABCYL) quencher and hybridized in real-time 
with the PCR product2. The total volume in which qrtPCR reactions were performed was 30 
µl which consisted of 3 µl of target DNA and 27 µl of amplification mixture containing 
primers (end concentration 150 nmol l-1) and probe (end concentration 300 nmol l-1), PCR 
Reaction Buffer (Smart™ Kit No ROX, Eurogentec S. A.) and Molecular Biology Water 
(Lonza Group Ltd). The Smart™ Kit PCR reagents contained uracil-N-glycosylase to 
prevent carry-over contamination and HotGoldStar DNA polymerase. Amplification and 
real-time detection were carried out on a Smart Cycler® System (Cepheid, Sunnyvale, 
USA) with a profile of 50°C for 2 min to activate uracil-N-glycosylase, 95°C for 10 min to 
activate HotGoldStar DNA polymerase, followed by 45 cycles of 95°C for 15 s and 60°C 
for 60 s.  
Negative controls for the qrtPCR assay were performed in duplicate by running 
reactions without the addition of template DNA. 
 
Generation of qrtPCR standards with bacterial genomic DNA 
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 23 
Bacterial cells were cultivated as described above. To obtain a sufficient amount of 
relatively good quality DNA, the commonly used commercially available QIAamp® DNA 
Mini Kit (QIAGEN GmbH, Hilden, Germany) was used to extract DNA from the cells 
according to the instructions of the manufacturer. Ethanol precipitation was used to remove 
contaminants such as PCR inhibiting substances from the DNA solution. The DNA purity 
and concentration was assessed with a NanoDrop® ND-1000 Spectrophotometer 
(NanoDrop Technologies, Wilmington, DE, USA). A standard curve of mean qrtPCR 
threshold cycle (Ct) values was prepared with triplicate replicates of serial dilutions (30 ng, 
3 ng, 300 pg, 30 pg, 3 pg, 300 fg and 30 fg per reaction) of two unique DNA solutions 
(n=6). The amount of bacterial DNA in samples was estimated by qrtPCR under identical 
PCR conditions with this standard curve. 
 
Statistical analysis 
The quantification limit per qrtPCR reaction was determined as the lowest concentration 
on the linear part of the standard curve at which 7 out of 9 reactions or more gave a positive 
result. The quantification limit was used as the cut-off level or, instead of this, the value of 
a negative control in case it had a positive result. In case a Ct of zero (negative result) or 
above the mean Ct (+ s.d.) of the quantification limit was measured, a Ct equal to the mean 
Ct (+ s.d.) of the quantification limit was assumed for data analysis.  
The experiments were performed on four separate cultures in duplicate (n=8). The 
percentage of recovery efficiency was determined by the measured amount of DNA in each 
sample as compared to the mean of its corresponding reference (100%). Statistical and 
graphical analyses were performed by using SPSS (v16.0 for Windows, SPSS Inc. 
[http://www.spss.com/]) and Microsoft® Office Excel 2003 (Microsoft Corporation 
[http://office.microsoft.com/]) software, respectively. Within each sampling system, 
recovery efficiencies amongst samples were compared by Kruskal-Wallis analysis. 
Friedman analysis with additional Bonferroni-protected contrasts was performed to 
compare sampling systems. Differences were considered statistically significant when P 
values were less than 0.05 (two-sided), resulting in 0.05/(number of contrasts performed) 





Table 1 shows the mean amounts of E. coli DNA recovered by four sampling systems 
and those of the corresponding reference suspensions (100%) as estimated with the qrtPCR 
standard curve (Supplementary Fig. 3, page 79). Assuming a bacterial genome of ~5 fg, the 
amount of DNA correlates with the number of bacteria. The qrtPCR cut-off level was 
determined at 30 fg of the standard. Within each sampling system, no significant 
differences were found in recovery efficiencies amongst samples by Kruskal-Wallis 
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analysis. For all four sampling systems, dry sampling resulted in efficiencies below 4.0 
percent. Fig. 2 gives an overview of the median recovery efficiencies of E. coli DNA of the 
four pre-moistened sampling systems. The flocked swab system performed with the highest 
median recovery efficiency of 105.3 percent, but also showed the largest variance. The 
gauze system performed with the lowest median recovery efficiency of 35.2 percent. 
Friedman analysis however showed no significant difference (P=0.058) amongst the four 
pre-moistened sampling systems. 
 
Table 1. DNA recovered by four sampling systems of E. coli cells that were pre-applied to 1 cm2 glass 
surfaces and dried up for two hours and that of the corresponding reference suspensions (100%). Presented 
are mean levels of DNA (n=2) determined per 0.9 ml of sample for four cultures (A-D) with single qrtPCR 
reactions. 
  DNA (fg ± s.d.) 
Culture  A B C D 
Reference suspension  2.56 (±1.67) × 106 5.18 (±0.54) ×106 2.87 (±0.30) × 106 3.22 (±0.02) × 106 
Dacron® swab system D 1.28 (±0.27) × 105 1.33 (±0.59) × 105 1.57 (±0.74) × 105 7.21(±5.75) × 104 
 M 9.68 (±3.77) × 105 2.80 (±0.03) × 106 2.80 (±1.22) × 106 1.88 (±0.25) × 106 
Flocked swab system D 2.04 (±1.13) × 104 1.17 (±0.31) × 105 5.12 (±2.52) × 104 9.00 (±8.99) × 104 
 M 1.82 (±1.06) × 106 4.37 (±1.91) × 106 4.93 (±0.75) × 106 4.59 (±3.74) × 106 
Viscose swab system D 1.14 (±0.07) × 105 1.26 (±1.30) × 105 BC 7.52 (±8.87) × 104 
 M 2.15 (±0.31) × 106 1.76 (±0.03) × 106 1.93 (±0.15) × 106 3.38 (±0.59) × 106 
Gauze D 7.02 (±0.80) × 104 1.95 (±2.11) × 105 9.24 (±9.08) × 104 9.95 (±6.36) × 104 
 M 2.05 (±1.76) × 106 1.75 (±0.46) × 106 1.48 (±0.50) × 106 9.00 (±0.00) × 105 





The importance of the steps of sampling and sample processing preceding the use of  
molecular methods such as qrtPCR for the detection and quantification of microbes was 
previously emphasized by several authors1,5,8. Furthermore, when comparing 
previousresearch, it should be noted that the sampling of bacterial cell material with DNA 
is likely to involve sampling kinetics different from that of viable cells or spores, and as 
such may possibly result in a different recovery efficiency. To this purpose, we compared 
the suitability of four different sampling systems to the on-site recovery of bacterial DNA 
from solid surfaces. 
Differences in DNA recovery efficiency between the four pre-moistened sampling 
systems were not significant, possibly due to large variances. The flocked swab system 
performed with the highest median recovery efficiency of 105.3 percent, however also 
showed the largest variance (Fig. 2). Flocked swabs, which consist of nylon fibers attached 
to a polystyrene applicator using spray-on technology, possess unique fluid dynamic 
properties and were previously shown to enhance the ability of three commercial nucleic 
acid amplification tests3. In addition, improved recovery efficiency of flocked swabs as 
compared to traditional rayon swabs was previously described for the sampling of viable 
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cells6. A factor of influence to the reproducibility of recovery efficiency may include swab 
stick flexibility, as demonstrated by the smaller variance of the results with the relatively 
rigid stick of the Dacron® swab system (Fig. 2). In contrast, the gauze system performed 
with the lowest median recovery efficiency of 35.2 percent. The latter can be explained by 
difficulties encountered with suspending the contents of the gauze swab into the sample 
processing medium due to its physical properties. As described before, the release of 
sampled cells, cell debris or spores from a sampling device into sample processing medium 
might be hampered by entrapment in the swab matrix7. 
 
 
Figure 2. Overview of the median efficiencies (n=8) of four different pre-moistened sampling systems to 
recover E. coli DNA from 1 cm2 glass surfaces. Horizontal bars indicate the median and quartiles. Abbreviations: 
DS, Dacron® swab system; FS, flocked swab system; VS, viscose swab system; GA, gauze swab system. 
 
The results of this study show the importance of the use of moist swabs for the recovery 
of bacterial DNA from solid surfaces, as was previously demonstrated for bacterial 
spores10. When used dry, all four sampling systems recovered DNA from glass surfaces 
with median recovery efficiencies below 4 percent, in contrast to the same systems when 
pre-moistened. 
All four studied sampling systems were fast and easy to use and consist of relatively 
safe materials. For the gauze swab however, extra precautions need to be taken to prevent 
contamination by handling during the sampling procedure. Concerning storage and 
transport requirements, all sampling systems are low in volume and weight. 
In combination with the used molecular method such as qrtPCR, the preceding steps of 
sampling and sample processing contribute for an important part to the efficiency and 
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reproducibility of the quantification of microbial DNA. Of four compared sampling 
systems, we found the nylon flocked swab system the most suitable for on-site recovery of 
bacterial DNA from solid surfaces. Differences in recovery efficiency between compared 
sampling systems however were not significant, most likely due to large variances. The 
results of this study demonstrate that sampling is a critical yet crude key step in the 
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